For the purpose of use as anode active materials of lithium-ion secondary batteries, the group 14 elements (Si, Ge, Sn and Pb) and their oxides were investigated systematically. Ge(O x ) actually showed high capacity of around 1,200 mAh/g. This is corresponding to the fact that more than four moles of Li ions react to one mole of GeO x . Except for SiO 2 , the oxides of these elements generally showed relatively higher capacity and good cycle performance when compared to simple bodies. It is due to a conversion reaction to form Li 2 O. Vinylene carbonate (VC) addition and capacity limitation were effective on improvement of cycle performance for not only Si but also other elements and oxides. A summation factor of irreversible capacity shows that the quantities of solidelectrolyte interface formation are almost same in the case of PbO 2 -derived anode with/without the VC addition or the capacity limitation.
Introduction
Lithium-ion secondary battery (LIB) is suitable to mobile devices (for example, digital audio player, camcorder, mobile phone, and so on) because it has high energy density per weight. However, for further expanding applications, for example electric vehicles, much higher capacity is desired.
Contemporary commercial LIBs, some kinds of cathode active materials such as LiCoO 2 , LiMn 2 O 4 , LiNi 1/3 Mn 1/3 Co 1/3 O 2 are utilized. In contrast, anode active material is almost limited to graphite except for lithium titanate (it is utilized for a safety and reliable LIB, but has low energy density). Graphite has an ideal capacity of 372 mAh/g led by the reaction 6C + Li + + e ¹ = LiC 6 . Actually, the capacity of commercial LIB reaches up to nearly equal to this value. One major way to improve capacity of LIB is, therefore, to utilize alternative anode active material which has higher capacity than that of graphite.
Many materials such as Si, SiO, Sn, TiO x , Fe 2 O 3 are expected as high-capacity anode active materials. Si-and Sn-anode could have a huge capacity, but those have poor cycle performance because of large volume change with lithiation and delithiation reaction. 1),2) Oxides like SiO x can overcome the disadvantage to some extent.
3),4) Sn-oxide base anode materials have also received attention. 5),6) All candidates of anode active materials have both some advantage and disadvantage points. To understand those candidates systematically is important for practical use of a high-capacity LIB. In this study, we focused to the group 14 elements (Si, Ge, Sn and Pb) and their oxides, and performed the evaluation as anode active materials based on guidance of the periodic table.
Experimental
Simple bodies and oxides of the group 14 elements (Kojundo Chemical Laboratory, <50¯m size, >99% purity) and acetylene black (Denka Black, Denki Kagaku Kogyo) were mixed by a planetary ball mill (P-6, Fritsch Japan). Then polyimide (PI) was added to the mixture as a binder, and dispersed with N-methylpyrrolidone (NMP) by a planetary centrifugal mixer (AR-100, THINKY). The composition of anode materials was 80 wt % active material, 10 wt % acetylene black and 10 wt % binder. Obtained slurry was spread on Cu foil, and then dried at 240°C for 16 h in vacuum to be testing anodes. 2032 coin type half cells were assembled by using this anode with PP separator and Li foil (counter electrode) in a dry Ar-filled glove box. 1.0 mol/L of LiPF 6 in EC:DEC (1:1 vol. ratio) was used as electrolyte. In some sample cells, 5 vol % of vinylene carbonate (VC) additive was contained out to the electrolyte. For each anode active material, 3 cells were prepared and tested.
Chargedischarge cycling tests were performed at a 0.05 C rate over a potential range from 0.03 to 1.5 V at room temperature by using Battery Charge/Discharge System (HJ-SD8, HOKUTO DENKO). In this paper, "charge" is defined as lithiation of sample anode. It is corresponding to the charge direction when the anode is used in a full cell. Figure 1 shows chargedischarge profiles at first, second and 20th cycle for typical cells prepared by whole kinds of species in this study, and the comparison of the maximum discharge capacities at second cycle of each anode is shown in Fig. 2 . The oxides generally showed higher capacity than that of simple bodies except for SiO 2 .
Results and discussion

Capacity
Among the tested 14 group elements, Ge showed relatively higher capacity in practice. The x value in the reaction "M + xLi + + xe ¹ = Li x M " shows the mole numbers of Li ions reacting per one mole of metal (M) atom. In the case of Si and Sn, the maximum x value was considered 4.4. 7),8) However, it was also reported that the x value for Si is limited 3.75 at room temper-ature. 9),10) In the present study, the maximum x value for Si(O x ) system calculated from the specific capacity was 1.6 for SiO. In contrast, Ge(O x ) system shows much higher x values. Especially, GeO and GeO 2 show higher x values (4.24.4) which are nearly the theoretical limit.
The differences mentioned above were also observed on the other 14 group elements based anodes. This means that the electrochemical properties were different among those anodes.
Conversion reaction
The relatively higher capacities of the oxides described above can be explained by the conversion reaction. Previous reports 8) , 11) show that the conversion reaction, SnO + 2Li 2 O, occurs at the first charge for SnO. The formed Sn can react reversibly, and Li 2 O is considered to buffer the volume change of Sn with the reaction. Note that Poizot et al. showed a reversible conversion reaction occurs in nano-sized transition metal oxide derived anode, 12) whereas the conversion reaction to form Li 2 O was irreversible in this case. Similar reactions have been reported a lot in the GeO x and PbO x systems (e.g. GeO x , 13) GeO 2 14), 15) and PbO 16),17) ), individually. In this study, we focus a systematic comparison among group 14 elements and their oxides. In the PbO x series, chargedischarge profiles were similar each other besides the first charge (Fig. 1) . Except for the first charge (dotted line), two steps of plateau were observed around 0.5 V. It means that the rechargeable reaction is same for all PbO x series. As mentioned above, the oxides of group 14 elements showed generally higher second discharge capacity than the simple bodies. It could be due to the Li 2 O buffering. As shown in Fig. 1 , the decrease in discharge capacity of PbO x anodes from first to second cycle lowers with the increase of oxidation number. It is an evidence of Li 2 O buffering, because the amount of formed Li 2 O increases with the oxidation number of PbO x .
In the GeO x -and SnO x -related anodes, good cycle performances were observed (Fig. 1) . However, Ge-related anode also showed a good cycle performance despite the conversion reaction forming Li 2 O does not occur. In addition, the chargedischarge profiles were slightly different among Ge, GeO and GeO 2 anodes (Fig. 1) .
Does the conversion reaction occur in the case of GeO x ? We considered that the good cycle performance is achieved by not only the conversion reaction but also the suitable solid-electrolyte interface (SEI). The SEI is considered to form dominantly at the first charge period. However, the irreversible capacity at first cycle for Ge anode (251 mAh/g) was much lower than those of GeO anode (665 mAh/g) and GeO 2 anode (1,094 mAh/g). It strongly indicates that the formation of Li 2 O was occurred in GeO x system. J. S. Peña et al. 18) reported that the conversion reaction for GeO 2 anode occurred around 0.4 V vs. Li/Li + . But in some case, the potential was varied by the influence of GeO 2 size 15) etc. Whereas, PbO x series showed a stable plateau around 1.2 V in this study (Fig. 1) , which is consistent with the previous report. 17) Whether those difference, it is suggested that the conversion reaction widely occurs in the oxides of group 14 elements (GeO x , SnO x and PbO x ).
In contrast, SiO 2 -related anode had little capacity as described above. Chargedischarge profiles were different among Si, SiO and SiO 2 (Fig. 1) . The anode prepared by using Si showed a 19) Moreover, Genzaki also reported that SiO shows no conversion reaction to form Li 2 O by CV test. 20) From the view point of the conversion reaction, 14 group elements are separated between Si and the others. Key et al. said that LiSi composite materials lie on the border between socalled Zintl phase and intermetallic compounds.
10) The Zintl border just lies between Si and Ge in the periodic table. Therefore, it is said that Si is non-metallic (metalloid?) element and Ge, Sn and Pb are metallic elements for the lithium-ion secondary battery application.
Effects of VC addition
As mentioned above, for a good cycle performance of LIB, a formation of suitable SEI is important along with the conversion reaction. To improve the performance, vinylene carbonate (VC) addition to electrolyte is effective because it makes appropriate SEI on the surface in graphite anode, 21) , 22) and also in Si/graphite composite anode. 23) In this study, it is cleared that VC addition is also effective on the cycle performance of PbO-derived anode [ Fig. 3(a) ]. The discharge capacity retention from first to 20th cycle for VC free and VC addition were 6.0% and 48.8%, respectively. It means that the VC addition makes appropriate SEI to improve cycle performance for not only Si but also PbO (monoxide of metallic, the heaviest element in 14 group) anode. Moreover, the VC addition was effective on the cycle capacity of PbO 2 -derived anode (Fig. 4) .
In contrast, the addition was not effective on the performance of Ge-derived anode [ Fig. 3(b) ]. Compared to the PbO-derived anode [ Fig. 3(a) ], Ge-derived anode shows better cycle performance even without VC. The discharge capacity retention for Gederived anode without VC was 66.0%. It is much higher than that of PbO anode even with VC addition. This better performance suggests that the surface of Ge active material is suitable to react with normal electrolyte and to make appropriate SEI. Hence, the VC addition exerted no more effect. 
Summation of irreversible capacity
For Si-base anode of LIB, capacity limitation is also effective on its cycle performance. 24)27) In this study, the capacity limitation was applied to PbO 2 -derived anode. The capacity limit was set to 250 mAh/g at both charge and discharge stage. This value is corresponding to almost x = 2.2 in PbO 2 reaction formula (equal to a half of the theoretical maximum value of x = 4.4). As a result, it was also effective for the Pb-base anode on the cycle performance (Fig. 4) . However, it was less effective compared with the VC addition. The complex of the capacity limitation and VC addition were not more effective than the simple VC addition.
In the case of the capacity limitation, the discharge capacity retention could not be calculated because the first discharge capacity was strongly influenced by the limitation [ Fig. 5(a) ]. The discharge capacity at the first cycle was very small, so the irreversible capacity was large. The large irreversible capacity was continued for several cycles, and then it was decreased to almost zero. Here, for comparison of whole irreversible capacity, we define a summation factor of irreversible capacity S, which is expressed by
where Q char is charge capacity and Q disc is discharge capacity. Figure 5 (b) shows the summation of irreversible capacity (S) for PbO 2 -derived anodes treated at the different conditions. It is clearly showed that every factor S is around 900 mAh/g, regardless of the capacity limitation. Moreover, it was not varied by the VC addition. As described above, the irreversible capacity is considered to be consumed for the conversion reaction and for the SEI formation. Because the conversion reaction amount for PbO 2 anode is considered to be constant, it suggests that neither capacity limitation nor VC addition changes the amount of SEI formation. The difference of cycle performances for those anodes should be due to the quality of SEI.
Conclusions
In this study, we studied on group 14 elements and their oxides for anode active materials of LIB, systematically. In practice, Ge and its oxides showed high capacity among these elements systems. GeO x is hopeful for an anode active material of highcapacity LIB, because more than four moles of Li ions react reversibly to one mole of GeO x .
Generally, the oxides of the group 14 elements showed higher capacity than the simple bodies at second discharge cycle, except for SiO 2 . It is due to the conversion reaction and the formed Li 2 O buffers volume change of anode. The VC addition and capacity limitation were effective on the LIB performance in all 14 elements and their oxides, in similar to that observed in Si/ graphite system anode. Especially, those are much effective for anodes with poor cycle performance. Regardless of the VC addition and/or the capacity limitation, summation values of irreversible capacity were almost same for PbO 2 -derived anode. This means that not the quantity, but the quality of SEI is important for LIB performance.
In summary, some available information for high-capacity LIB was obtained by clarifying the similarity and the difference of the performance among 14 group elements.
(a) (b) Fig. 5 . a) Charge-and discharge-capacity vs. cycle profile for typical cell prepared by using PbO 2 in the case of capacity limitation. b) Summation of irreversible capacity for each cell prepared by using PbO 2 .
